• Histidine decreased the POMS fatigue score in men feeling fatigue and drowsiness.
Introduction
Fatigue is a common sensation that is caused by a variety of activities associated with daily life, although fatigue is also associated with psychiatric and other medical conditions [1] . Fatigue is associated with reduced physical activity, drowsiness, and a desire to rest and is caused by mental and physical workloads [2] . Mental fatigue is defined as a psychobiological state caused by a prolonged period of demanding cognitive activity [3] , and it is measured as a reduction in the ability to perform mental tasks. Working on cognitively demanding tasks for a considerable amount of time often leads to mental fatigue, which can impact task performance [4] . Several studies have reported that sleep disruptions, which may induce mental fatigue [5, 6] , decrease cognitive functioning and psychomotor vigilance task (PVT) performance [7, 8] . Although mental fatigue is a very common phenomenon in modern, everyday life, very little is known about the psychophysiological mechanisms underlying mental fatigue [9] . Moreover, despite the many studies on fatigue, it is remarkably difficult to understand mental fatigue and the cognitive processes underlying its behavioral manifestations [4] .
In Japan, bonito (skipjack tuna; Katsuwonus pelamis) is among the most commonly consumed fish, and dried bonito broth is used more frequently than beef or chicken bouillon for soup stock [10, 11] . Dried bonito is called katsuobushi, and its broth is called dashi; both ingredients are commonly used in traditional Japanese meals [12] . Several studies have reported improvements in or amelioration of mood states, including feelings of fatigue in daily life, and in mental task performance following ingestion of dried bonito broth (DBB) [10, 11, 12, 13, 14] . In particular, ingestion of DBB has been shown to improve scores for the six mood factors, including the feeling of fatigue and the total mood disturbance, on the Profile of Mood States (POMS) questionnaire in young women [11] . DBB ingestion also improved the scores for the feeling of fatigue and for total mood disturbance among middle-aged subjects with a high fatigue score, as shown by poorer mental task performance (Uchida-Kraepelin psychodiagnostic test score) [10] . DBB contains abundant quantities of histidine, as histidine makes up approximately 10% of its dry matter [15] , and histidine is the precursor of histamine, which functions as a neurotransmitter in the brain.
Neuronal histamine has been implicated in a variety of brain functions. Central histaminergic neurons are located exclusively in the tuberomammillary nucleus of the posterior hypothalamus, and they project extensively throughout the brain [16, 17] . Neural histamine acts as a neurotransmitter through four types of histamine receptors. Histamine H1 receptors moderate a variety of physiological functions, including wakefulness, appetite, cognition and emotion [18] . Indeed, object recognition and Barnes maze performance were found to be significantly impaired in both H1 receptor knockout and H2 receptor knockout mice [19] . The nucleus accumbens is the brain region that controls motivation, and the striatum is the region that controls psychomotor function [18, 20, 21] ; stress alters the turnover of histamine in the brain, and acute stress increases the levels of histamine and histamine-degrading enzymes in the diencephalon, nucleus accumbens and striatum [22] . Furthermore, chronic restraint stress has been shown to increase the levels of histamine-degrading enzymes in the nucleus accumbens and striatum in Fischer rats [23] . It is also known that chronic stress often results in depression and chronic fatigue syndrome in humans [1, 24, 25] , and both of these conditions promote low motivation and body-dragging [1, 24] .
In humans, neural histamine modulates a variety of physiological functions, such as wakefulness, learning and memory, and emotions [18] . Depressed patients show decreased brain histamine H1 receptor binding, and this decrease correlates with the severity of depression symptoms [25] . A histamine H1 receptor blocker induces drowsiness and decreases psychomotor performance [26] . Antihistamines prolong the braking reaction time when subjects experience dual-task interference while driving [27] and are known to increase tiredness and impair cognitive functions [18, 26, 27] .
Oral amino acids are absorbed into the blood from the small intestine, and histidine has been reported to cross the blood-brain barrier in mammals [28, 29, 30] . These findings suggest that ingesting histidine, the precursor of histamine, may increase brain histamine levels and reduce mental fatigue in humans.
Based on the results of these previous studies, we hypothesized that histidine intake could ameliorate the feeling of fatigue and improve mental task performance in subjects with a feeling of fatigue or mental fatigue. In the present study, we examined the effects of daily histidine ingestion on the feeling of fatigue and on mental task performance using a placebo-controlled, double-blind study of middle-aged subjects who had high fatigue scores on the Japanese version of the POMS questionnaire [31] and high sleep disorder scores on the Pittsburgh sleep quality index (PSQI) [32] . We evaluated subjects' feelings of fatigue using the POMS questionnaire and measured their performances of mental tasks using simple card game tests called the CogHealth test battery. We also measured some mental states that could be accompanied by activation of histaminergic neurons using the visual analog scale (VAS).
Materials and methods

Participants
The subjects included 20 healthy adult men (45 to 65 years old) with high fatigue scores on the POMS questionnaire (over 16 points) and the PSQI (over 5 points). A fatigue score greater than 16 points on the POMS questionnaire indicates that the study subject had greater feelings of fatigue than normal Japanese individuals, and a PSQI score greater than 5 points indicates that the study subject sleeps poorly and frequently experiences mental fatigue [5, 6] . We excluded people with a history of a chronic disease that is correlated with fatigue, smokers, those who regularly consumed energy drinks, and those who regularly consumed fish containing high concentrations of free histidine. No study subject had sleep apnea. This study was approved by the Ethics Review Committee of the Shinkokai C'est La Vie Shinbashi Clinic Medical Corporation. After the purpose, procedures and schedule of the study were explained, informed consent was obtained from all subjects, in accordance with the Helsinki Declaration. Twenty men were enrolled as study subjects and randomly divided into two groups, group A and group B. The baseline data regarding age, physical characteristics, mood factors, and sleep-state scores for the study subjects are shown in Table 1 .
Test samples
The test samples were prepared as follows. A 1.65-g quantity of L-histidine (Ajinomoto Co., Inc., Tokyo, Japan) was compressed into 5 hard gelatin capsules. To prepare the placebo, an equal volume of cellulose (1.00 g) was compressed into 5 capsules. Both sample types were packaged in identical aluminum pouches; the L-histidine samples and the placebo samples were indistinguishable. The study subjects ingested capsules containing either the test substance or the placebo once daily, in the morning. We hypothesized that the optimal time for treatment with histidine would be in the morning because histaminergic neuronal activity shows a clear circadian rhythm, with high levels during the active period [20] .
Study protocol
The subjects were randomly divided into two groups, groups A and B. During the first experimental period, subjects in group A ingested one package of the test sample per day, in the morning after their regular breakfasts, for 2 weeks, and those in group B ingested the placebo samples. A 2-week washout period was followed by a second experimental period, in which the groups were reversed. To ensure that the subjects actually took the capsules, we required them to record their intake daily and to submit their records with all empty capsule packages and spares. The POMS test, the VAS and the cognitive assessment task were administered before and after both experimental periods. All assessments were performed at the same time on Saturday mornings (from 7:30 to 11:30 AM). All measurements were performed in a quiet room that was maintained at a constant temperature of approximately 25°C.
Study endpoints
We defined two primary endpoints for the study. One was a decrease in the POMS fatigue T score. The other was an improvement in the performance (reaction time and accuracy) of a cognitive function task. The improvements in VAS scores described in Section 2.5 were also evaluated as we hypothesized that any change in the mood state would be affected by histaminergic neuronal activation.
Assessments of mood states
We measured the feeling of fatigue and mood states that are affected by mental fatigue in the subjects using two assessment methods: the POMS questionnaire and the VAS. The POMS-Japanese Version No. 850 (published by Kaneko Shobo Co., Ltd.) was used as a sensitive measure of mood states. Sixty-five questions were presented on the questionnaire, and the subjects responded to the questions on a fivepoint scale to indicate how well the given adjective described their mood over the past week (0, not at all; 1, a little; 2, moderately; 3, quite a bit; and 4, extremely frequently). The questions covered six mood factors (tension-anxiety, depression-dejection, anger-hostility, vigor, fatigue, and confusion). High vigor scores reflected a good mood or emotion, and low scores for the other factors also reflected a good mood or emotion. T-scores were calculated from the five-point scores using a T-score conversion table (Kaneko Shobo Co., Tokyo, Japan). A T-score of 50 points is the average T-score for Japanese individuals. In the present study, T-scores were used to determine subjects' mood states. The total mood disturbance (TMD) was obtained by subtracting the vigor score from the sum of the tension-anxiety, depression, anger-hostility, fatigue and confusion scores. Using the POMS questionnaire allowed the comparisons between time points.
For the VAS, eight questions were asked to provide a measure of the subject's condition and levels of fatigue, depression, carelessness, drowsiness, clear thinking, motivation, attentiveness, and concentration, all of which are known to be affected by the activity of brain histamine neurons. The VAS consisted of a 10-cm line drawn from one extreme to the other ("not at all" to "most"), with subjects indicating the point on the line that applied to them at that moment in time.
Both the POMS and the VAS allow comparisons to be made between time points.
Cognitive assessments
Cognitive states were quantified using the CogHealth computerized test battery (CogState Ltd., Melbourne, Australia), which is a validated tool for measuring cognitive impairment induced by mental fatigue or drowsiness in humans. This test was administered to all subjects before and after both experimental periods, and the test required approximately 20 min to complete. The specific tasks employed, in the order in which they were administered, were as follows: (a) simple reaction time, a detection task that measured psychomotor function and information progression; (b) choice reaction time, a card-identification task that measured visual attention; (c) one-back working memory, a one-card learning task that was a continuous visual recognition leaning task that measured visual learning and memory; (d) visual learning, a delayed recall task that measured continuous retention and recall; and (e) continuous performance, a divided attention task that measured the ability to maintain focused attention. For each task, a single primary outcome measure was identified. Performance was measured in terms of speed (i.e., reaction times, recorded in msec) or accuracy (i.e., arcsine proportion correct).
Statistical analysis
All values are expressed as means ± standard deviations. Physiological parameters, mood factors, and PSQI scores at baseline were compared using unpaired Student's t-tests. POMS scores, VAS scores, and cognition data were compared by ANOVAs, with capsule (placebo and histidine), time period (periods before and after washout periods), and carry-over effects (groups A and B) as within-subject factors.
SPSS Statistics version 20.0 software (SPSS Inc., Chicago, IL, USA) and SAS System Software (version 9.3, SAS Institute, NC, USA) were used for statistical analyses. The results were considered statistically significant at p b 0.05.
Results
Participants
The purpose of this study was to evaluate the effects of histidine ingestion on the feeling of fatigue. No effect of trial order on participant responses was observed in the fatigue scores on the POMS questionnaire (p N 0.05); thus, all participant responses were analyzed together. In addition, no effect of trial order on physiological parameters or PSQI scores was observed. Table 1 shows the subjects' baseline mood state. The mean scores for "tension and anxiety", "depression and dejection", "anger and hostility", "fatigue" and "confusion" were high-normal scores that were within the normal Japanese range. The mean score for "vigor" was low-normal for Japanese individuals.
Changes in POMS T-scores
The T-scores for the POMS questionnaire and the changes in POMS scores are shown in Table 2 and Fig. 1 , respectively. After 2 weeks of histidine ingestion, fatigue scores were decreased compared to baseline fatigue scores at week 0. Significant effects of the capsule (placebo or histidine) in the change in the level of fatigue were observed [F(1, 19) = 5.55, p b 0.05].
Changes in temporary moods (VAS)
The mean VAS scores for each of the eight temporary moods were measured in the placebo and histidine treatment groups at the beginning and end of the 2-week trial period; the results are shown in Table 3 . The mean changes from the baseline scores at the end of the 2-week trial are shown in Fig. 2 .
No difference in the VAS scores for feelings of tiredness, depressive mood, carelessness, drowsiness and concentration was observed Values are means ± SDs (n = 20).
between the start and the end of the histidine trial, and no difference in the patterns of change between the histidine and placebo trials was observed. However, the VAS scores for clear thinking, motivation and attentiveness increased after histidine ingestion compared to those at week 0. Significant effects of the capsule (placebo or histidine) were 
Cognitive assessment
The mean reaction times and accuracy rates for the placebo and histidine treatment groups for each of the five CogHealth measures at the start and end of the 2-week trial period are shown in Table 4 . The mean changes from the baseline reaction times at the end of the 2-week trial are also shown in Fig. 3 . Reaction times for all five measures decreased from those at week 0 following 2 weeks of supplementation with histidine. Significant effects of the capsule (placebo or histidine) on reaction times in the visual learning task were observed [F(1, 19) = 6.49, p b 0.05].
Discussion
In this randomized, double-blind, placebo-controlled crossover study, we have shown that in subjects with high fatigue scores and sleep disruption scores, ingesting histidine for 2 weeks decreased fatigue T-scores on the POMS questionnaire and decreased reaction times in a visual learning task in a battery of cognitive tests. Histidine ingestion also increased the sensation of thinking clearly and feelings of attentiveness.
The POMS findings showed that fatigue scores after 2 weeks of histidine ingestion were significantly lower than those after ingestion of the placebo. Previous research has shown that DBB intake decreases negative mood factors and the TMD score of the POMS questionnaire to a greater extent than placebo ingestion in female subjects [11] . This previous study also reported a greater increase in vigor following DBB ingestion than following placebo ingestion [11] . Kuroda et al. reported that the fatigue scores and TMD scores of the POMS test after 4 weeks of daily DBB ingestion were significantly lower than those measured prior to the ingestion period; after 2 weeks of DBB ingestion, the vigor score for the DBB group was significantly higher than that for the placebo group [10] . These findings show that improvements following histidine ingestion were similar to those following DBB ingestion, indicating that the effects of DBB ingestion on mood factors may be explained by histidine, as DBB contains abundant quantities of histidine [15] . In these previous studies, histidine content within DBB was approximately 0.21 g [10] to 0.58 g [11] . In our current study, subjects were treated with 1.65 g/day. However, in a similar study [10] , DBB ingestion was shown to affect mood states to a degree similar to that observed with the ingestion of histidine alone, even though DBB contains less histidine than the amount of histidine that was administered alone. This discrepancy may be explained by differences in subjects' ages or genders, as it is known that POMS scores vary with age and gender [33] , with young women showing higher scores for negative affects [34] . In this study, the subjects were all men over 45 years of age. In Table: To analyze changes following treatment, POMS scores were evaluated by analysis of variance with capsule (histidine and placebo), time period (periods before and after washout periods), and carry-over effects (groups A and B) as within-subject factors. Values are means ± SDs (n = 20).
the previous study, which evaluated DBB intake on peripheral blood markers and moods [11] , the subjects were approximately 19 years old and female. It is also possible that other nutrients in DBB may have affected the results, as eating food [31] and drinking soup rich in amino acids [35] are also known to affect mood. The oral consumption of histidine has been shown to increase plasma histidine concentrations [36] . Several reports have also shown that histidine can be transported across the blood-brain barrier in rats [37] and humans [30] . Histamine is synthesized from histidine through oxidative decarboxylation by HDC in neurons and is known to have a variety of physiological functions. Neuronal histamine acts on 4 types of histamine receptors, known as the histamine H1, H2, H3 and H4 receptors [18] , to modulate brain activities, including wakefulness, the sleep-wake cycle, appetite control, learning and memory, stress, seizures, and emotions [38, 39, 40] . Histamine H1 receptor binding has been observed to be decreased in frontal and anterior cingulate cortex areas in patients with depression compared with age-matched controls [25] . Therefore, we hypothesize that orally administered histidine increases brain histamine levels, which ameliorates feelings of fatigue and improves mood and cognitive function via poorly understood mechanisms.
The present CogHealth results showed that the reaction times for the visual learning test measured after histidine ingestion were significantly lower than those measured after placebo ingestion. The visual learning test is able to assess working memory, which is one of the components of cognitive function [41] . The use of working memory is associated with activation of the prefrontal cortex [42] , which has a role in cognitive control [43] . Because histaminergic neurons project to the prefrontal cortex [44] , a relationship between working memory and histaminergic neurons has been discussed. It has been noted that chewing behavior not only breaks down food into smaller pieces but also affects cognition; specifically, gum chewing was shown to increase accuracy in the n-back working memory task [45] , which is associated with histaminergic neuronal activation [46] . In Alzheimer's disease patients, the neuronal histamine content of the brain has been found to be significantly lower than that in healthy controls [17] . The coordination of resources is the prime function of working memory, with memory storage representing only one of many potential demands on the system. Accordingly, Alzheimer's patients show marked impairment in both memory and tracking tasks when they are required to combine these two tasks [47] . Cognition is believed to be especially important during fatigue because tiredness affects productivity. Histamine H1 receptor knockout mice exhibit significantly less locomotor activity compared with wild-type animals [48] , as well as reduced aggressive behavior [49] . At moments when high vigilance is required, such as when the lights are off or a change in the environment occurs, mice lacking brain histamine due to a mutation in histidine decarboxylase are unable to remain awake, which is a prerequisite condition for responding to behavioral and cognitive challenges [50] . In humans, depressed patients show decreased brain H1R binding, H1R dysfunction (i.e., occupied by H1 receptor antagonist)-induced drowsiness, and impaired cognitive performance [25] . On-call doctors, whose occupations are associated with sleep restriction and high mental fatigue, demonstrate impaired cognitive functioning after on-call duty [7] . Also, PVT performance is reduced following Table: To analyze changes following treatment, VAS scores were evaluated by analysis of variance with capsule (histidine and placebo), time period (periods before and after washout periods), and carry-over effects (groups A and B) as within-subject factors. Values are means ± SDs (n = 20).
sleep restriction [8] . The CogHealth test battery was chosen for this study because it can provide precise measurements of human cognitive functions; these tests are capable of assessing not only cognitive impairment but also fatigue, lack of sleep and drunkenness [51, 52, 53] . The VAS scores were also evaluated secondarily, as we hypothesized that the index of mood states would be affected by histaminergic neuronal activation. Two weeks of histidine ingestion significantly increased the VAS scores for the ability to think clearly and for attentiveness. The changes in VAS scores that were observed following histidine ingestion were not observed after ingestion of the placebo. Moreover, the score related to the ability to think clearly was significantly higher after histidine ingestion than after ingestion of the placebo, and these results suggest that histidine had a remarkable effect on the ability to think clearly and on attentiveness. These findings may be explained by the neuronal function of histamine. In fact, depression is the most prominent stress-related psychiatric disorder and encompasses disturbances in mood, sleep, appetite and physical potential, and the dampened states of mind observed in depression are the opposite of the states of mind indicated by the VAS results for the subjects who ingested histidine in this study. Thus, the VAS results in this study indicate that sustained histidine intake could potentially improve lucidity or alertness via the activation of histaminergic neurons.
In this study, it is unclear whether histidine ingestion is directly affecting fatigue or sleep quality since they greatly affect one another. Future work will need to test how oral histidine affects human sleep quality via actigraphy and/or polysomnography. Additionally, the mechanisms by which the ability to think clearly and attentiveness both increase remain to be determined.
The results of the present study showed that daily ingestion of histidine improved mood states and cognitive abilities, including working memory, in middle-aged men with feelings of fatigue. The improvements observed following histidine ingestion were similar to those observed with the ingestion of DBB, which contains abundant quantities of histidine.
